Activation of pancreatic stellate cells (PSCs) initiates pancreatic fibrosis in chronic pancreatitis and furnishes a niche that enhances the malignancy of pancreatic cancer cells (PCCs) in pancreatic ductal adenocarcinoma (PDAC). Resveratrol (RSV), a natural polyphenol, exhibits potent antioxidant and anticancer effects. However, whether and how RSV influences the biological properties of activated PSCs and the effects of these changes on tumor remain unknown. In the present study, we found that RSV impeded hydrogen peroxide-driven reactive oxygen species-(ROS-) induced activation, invasion, migration, and glycolysis of PSCs. In addition, miR-21 expression in activated PSCs was downregulated after RSV treatment, whereas the PTEN protein level increased. miR-21 silencing attenuated ROS-induced activation, invasion, migration, and glycolysis of PSCs, whereas the overexpression of miR-21 rescued the responses of PSCs treated with RSV. Moreover, RSV or N-acetyl-L-cysteine (NAC) administration or miR-21 knockdown in PSCs reduced the invasion and migration of PCCs in coculture, and the effects of RSV were partly reversed by miR-21 upregulation. Collectively, RSV inhibits PCC invasion and migration through suppression of ROS/miR-21-mediated activation and glycolysis in PSCs. Therefore, targeting miR-21-mediated glycolysis by RSV in tumor stroma may serve as a new strategy for clinical PDAC prevention or treatment.
Introduction
With a 7% five-year survival rate and more than 43,000 estimated deaths per year in the United States, pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers and causes serious public health issues and cancer burden [1] . PDAC is expected to become the second leading cancer diagnosis in the US by 2030, surpassing breast, prostate, and colorectal cancers [2] . Aggressive growth and metastasis, lack of early diagnosis, low rates of curative resection, and poor responses to radiation and chemotherapy characterize the dismal prognosis and treatment of PDAC. Modified combination regimens and novel agents are urgently needed, and the mechanisms of pharmacological therapies for PDAC remain to be further elucidated.
Current therapies focus chiefly on epithelial cancer cells, which contribute to the rapid proliferation and malignancy of the tumor. However, the tumor microenvironment, which is formed from a bulk of desmoplastic stroma comprising immune cells, inflammatory cells, endothelial cells, extracellular matrix, and, predominantly, pancreatic stellate cells (PSCs), plays an important role in tumor invasion and metastasis [3] [4] [5] . PSC activation, which is characterized by a decrease in vitamin A-containing lipid droplets and increased expression of α-SMA and collagen-I, is pivotal in the development of pancreatic fibrosis and the malignant behavior of PDAC [6, 7] . PSCs are activated by TGF-β as well as cellular reactive oxygen species (ROS), and cancer cells can secrete hydrogen peroxide (H 2 O 2 ), which triggers oxidative stress in adjacent PSCs [8, 9] . The interaction between PSCs
Materials and Methods

Reagents.
Resveratrol (>99% pure), MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide), and NAC (N-acetyl-L-cysteine) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Analytical grade 30% H 2 O 2 was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 2 ′ -7 ′ -Dichloro-dihydro-fluorescein diacetate (DCFH-DA) was obtained from Beyotime Institute of Biotechnology (Haimen, China).
Cell Lines and Cell
Culture. Human PSCs were isolated from normal pancreatic tissue removed from patients undergoing liver transplantation. These tissues were obtained from the Department of Hepatobiliary Surgery at the First Affiliated Hospital of Xi'an Jiaotong University. PSCs were isolated and cultured according to methods described in previous study [31] . PSCs between passages 1 and 4 after isolation were used in our experiments. The human pancreatic cancer cell line Panc-1 was purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% FBS (HyClone, Logan, UT, USA), 100 μg/mL ampicillin, and 100 μg/mL streptomycin at 37°C with 5% CO 2 and 95% air. The study was conducted following the Declaration of Helsinki, and the protocol and consent forms were approved by the relevant ethical committee of the First Affiliated Hospital of Xi'an Jiaotong University, China. Ten microliters of 5 mg/mL MTT was added to each well after removing the media and incubated at 37°C for 4 h. Then, 100 μL of DMSO was added to each well, and the optical density (OD) was measured at 490 nm on a multifunction microplate reader (POLARstar OPTIMA; BMG, Offenburg, Germany). The proliferation inhibition rate was calculated according to the following equation: proliferation inhibition rate = 1 − OD sample/OD control × 100%.
Cell Viability
Transfection of miRNA Inhibitor and Mimics.
Loss-offunction and gain-of-function approaches were performed using the miR-21 inhibitor, negative inhibitor, miR-21 mimics, and negative mimics, which were purchased from GenePharma (Shanghai, China), and the sequences are provided in Supplementary Materials Table S1 . The miRNA inhibitor and mimics were transfected into PSCs using Lipofectamine 2000 according to the manufacturer's instructions, and 8 h after transfection, the medium was replaced with fresh Dulbecco's modified Eagle medium: Nutrient Mixture F-12 (DMEM-F12) and cells were prepared for further experiments.
2.5. Western Blot Analysis. Western blot experiments have been described previously [25] . The antibodies used in this study against glucose transporter 1 (Glut1), hexokinase 2 (HK2), pyruvate kinase M2 (PKM2), and lactate dehydrogenase A (LDHA) were from Proteintech Group (Chicago, IL). The primary antibody against α-SMA was from SigmaAldrich. The primary antibody against PTEN was from Abcam (Cambridge, MA, UK).
2.6. Real-Time PCR. Total RNA was extracted using the Fastgen1000 RNA isolation system (Fastgen, Shanghai, China) according to the manufacturer's protocol. Total RNA was reverse-transcribed into cDNA using the PrimeScript RT reagent kit (TaKaRa, Dalian, China). A Bulge-Loop miRNA qRT-PCR primer set specific for miR-21 and U6 was obtained from RiboBio (Guangzhou, China). Real-time PCR was conducted using the CFX Manager 2.1 fluorescent quantitative PCR kit (Bio-Rad Laboratories, Hercules, CA, USA) under the following conditions: 10 min at 95°C and 40 cycles of 95°C for 2 sec, 60°C for 20 sec, and 70°C for 10 sec.
2.7. Immunofluorescence Staining. Cells were fixed in 4% formaldehyde diluted in phosphate-buffered saline (PBS) for 15 min, permeabilized with 0.3% Triton X-100, treated with blocking buffer (5% BSA in PBS), and then incubated overnight with the primary antibody at 4°C. The cells were then incubated with the Red-conjugated secondary antibody from Jackson ImmunoResearch Laboratories (West Grove, PA, USA) for 1 h at room temperature. Slides were mounted and examined using a Zeiss Instruments confocal microscope.
Measurement of Intracellular ROS.
The level of intracellular ROS was measured using the ROS assay kit. In brief, after removing the media and washing the wells twice with PBS, 10 μM of DCFH-DA was added to each well. Then, the cells were incubated in the dark at 37°C for 30 min. After washing twice with PBS and trypsinization, the cells were collected and analyzed immediately by flow cytometry using a FACSCalibur (BD Biosciences, San Diego, CA, USA) instrument.
2.9. Measurement of Lactate Production. Medium from cultured cells was collected, and a lactic acid assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to determine lactate production. Lactate concentration was measured by an enzymatic assay, which generates a colorimetric (530 nm) product, proportional to the lactate present. All procedures were performed according to the manufacturer's instructions.
2.10. Oil Red O Staining. After washing with cold PBS, cells were fixed in 4% paraformaldehyde for 15 min at room temperature. Cells were washed again with PBS and stained using filtered Oil Red O solution (Sigma, St. Louis, MO, USA) at 60°C for 30 min. Subsequently, hematoxylin was used to stain the cell nuclei. Intracellular lipid accumulation was examined through a microscope (Nikon Instruments Inc.).
2.11. Modified Wound Healing Assay. Cell migratory ability was detected by a modified wound healing assay. To assess the migratory abilities of PSCs, PSCs (5.0 × 10 5 cells/2.5 mL) were seeded into 6-well plates using DME/F12. To evaluate the migratory abilities of pancreatic cancer cells (PCCs) under coculture, Panc-1 (1.0 × 10 6 cells/2.75 mL) and PSCs (5.0 × 10 5 cells/2 mL) were seeded into the basolateral and apical sides of Millicell hanging cell culture inserts (pore size 0.4 μm) in 6-well plates, respectively, using a mixed culture medium (DMEM DME/F12 = 1 1). After the cells grew to 90-100% confluency, a sterile pipette tip was used to produce a wound line between the cells in the plate. Cellular debris was removed by washing with PBS, and the cells were then allowed to migrate for 24 h. Images were captured at time 0 and 24 h post wounding under a Nikon Diaphot TMD inverted microscope. The relative distance traveled by the leading edge from 0 to 24 h was assessed using the Photoshop software (n = 3). ). The cells were allowed to migrate for 48 h at 37°C. The noninvading cells were removed from the upper surface by scraping with a wet cotton swab. After rinsing with PBS, the filter was fixed and stained with crystal violet. Invasion ability was determined by counting the stained cells on the bottom surface of each membrane in 10 random fields, and images were captured at ×200 magnification (n = 3).
Statistical Analysis.
Each experiment was independently performed at least three times. Data are presented as means ± standard deviation. Differences were evaluated using Student's t-test, with p < 0 05 considered statistically significant. (Figure 1(b) ). Therefore, we chose 50 μM RSV and 50 μM H 2 O 2 for subsequent experiments. Oil Red O staining showed that 50 μM H 2 O 2 efficiently transferred the quiescent state of PSCs to the activated state with a considerable decline of lipid droplets ( Figure S1 ). As shown in Figure S2 , RSV at 50 μM hardly exerted function on the protein expression of α-SMA and glycolytic enzymes in quiescent PSCs, so we focused on the suggest that miR-21 plays a vital part in the ROS-induced activation, migration, invasion, and glycolysis of PSCs. PSCs from indicated groups were extracted to detect Glut1, HK2, PKM2, and LDHA levels by Western blot, (e) and the culture media (CM) were collected to measure lactate production. Lactate production was normalized by the concentration of protein in each group. Column: mean; bar: SD; * p < 0 05 compared with the control group; # p < 0 05 compared with the H 2 O 2 group.
Results
RSV Inhibits
factors, neurotrophic factors, and chemotactic factors, mediate the proinvasion and promigration abilities of PCCs [5] . Moreover, lactate secretion from PSCs is essential for accelerating tumor growth [12, 32] . Our results above demonstrated that lactate production is upregulated upon oxidative stress but reduced upon NAC treatment and that miR-21 mediates the reduction of lactate secretion by RSV. To assess whether RSV or NAC administration and miR-21 expression in PSCs modulate the invasion or migration of PCCs, we tested Panc- 
Discussion
Despite extensive study and the elucidation of the underlying mechanisms in greater detail, PDAC remains a notoriously malignant tumor characterized by the lack of an effective therapeutic strategy and poor life expectancy. Gemcitabine, the standard chemotherapeutic agent for PDAC, is indispensable but exhibits restricted effects [37] , and combination chemotherapy regimens such as FOLFIRINOX, which is composed of folinic acid, 5-fluorouracil (5-FU), irinotecan, and oxaliplatin, show efficacy but also toxicity [38, 39] . Novel chemotherapeutic agents and therapeutic targets are urgently required. RSV, a natural polyphenolic phytoalexin found in the skins of grapes and other berries and some Chinese medicines, has extensive functions in tumor therapies. RSV inhibits proliferation, induces apoptosis, represses invasion and migration, and impairs tumor-initiating stem-like properties via several signaling pathways, such as the sonic hedgehog pathway [40, 41] and the PI3K/Akt/NF-κB pathway [42] . Together with these classical regulatory pathways, RSV has been shown to regulate the expression of microRNAs (miRNAs) by which RSV may exert antiinflammation and antitumor effects [28] . An in vivo study has explored the function of RSV on modulating the expression of miRNAs in an ischemia/reperfusion model of rat, and over 25 miRNAs were observed [43] . It was shown in breast cancer cells that miR-125b-5p, miR-200c-3p, miR-409-3p, miR-122-5p, and miR-542-3p were modulated by RSV, thereby affecting antiapoptotic and cell cycle proteins such as Bcl-2 and CDKs [44] . Using microarray approaches, 51 miRNAs were also found to be regulated by RSV in prostate cancer [45] . Combinations of single-agent treatments occasionally show synergetic effects. As food complements, RSV together with capsaicin enhances the effect of gemcitabine [23] , and we previously demonstrated that RSV enhances the sensitivity of PCCs to gemcitabine [25] . However, the antitumor mechanisms of RSV warrant further study.
The desmoplastic stroma plays a critical role in tumor growth and aggression, and PSCs are at the center of this progression. When PSCs compose the cellular population of a PCC and PSC admixture at a high fraction of 0.66-0.83, a maximal effect on promoting cancer cell proliferation and invasion is observed [46] . PSCs are aberrantly activated and transformed into cancer-associated fibroblasts, which facilitate tumor malignancy. Cancer cells can secrete H 2 O 2 , which triggers oxidative stress in adjacent PSCs [8] , and oxidative stress is essential in promoting PSC activation [47] , and our data showed that H 2 O 2 -induced ROS promoted the expression of α-SMA in PSCs. However, Kikuta et al. [48] reported that the transformation of freshly isolated PSCs into the activated phenotype is not initiated by H 2 O 2 ; this discrepancy may be explained by differences in culture conditions and the potential for further promotion of PSC activation by H 2 O 2 -induced ROS once the PSCs were preactivated in culture. All experiments were performed using humanderived PSCs in our research, and the cells were incubated with 50 μM H 2 O 2 for 24 h, whereas Kikuta et al. treated freshly isolated rat PSCs with 100 μM H 2 O 2 for 7 days. It was demonstrated that trans-resveratrol possesses potent antifibrotic activities as it suppressed TGF-beta-induced PSC activation [49] . Our results also showed that resveratrol served as a potential therapeutic agent in antifibrotic approaches by reducing ROS-induced PSC activation. In addition, RSV and NAC inhibited the migration and PSCs from indicated groups were extracted to detect α-SMA, Glut1, HK2, PKM2, LDHA, and PTEN levels by Western blot, and the CM were collected to measure lactate production. Lactate production was normalized by the concentration of protein in each group. (e, f) Immunofluorescence staining of α-SMA was performed. The red signal represents α-SMA staining, and nuclear DNA staining by DAPI is shown in blue (magnification, ×200; scale bar: 50 μm). (g, h) PSCs were treated in groups as indicated, and migratory ability was determined by wound healing assays. The relative distance moved by the leading edge marked by black lines was measured 24 h after wounding with a sterile pipette tip (magnification, ×100; scale bar: 100 μm). (i, j) PSCs were treated in groups as indicated, and invasive ability was determined by Matrigel invasion assays (magnification, ×200; scale bar: 50 μm). Column: mean; bar: SD; * p < 0 05 compared with the control group; # p < 0 05 compared with the scramble + H 2 O 2 group. invasion of PSCs, two important characteristics of activated PSCs [50] . Cancer-associated fibroblasts such as PSCs usually undergo oxidative stress, mitophagy, and autophagy and exhibit glycolytic phenotypes after "fertilization" by tumor cells. These fibroblasts then "back-nurture" adjacent cancer cells by secreting lactate, ketone, and other metabolites [11, 12, 51] . This two-compartment theory is a great addition to the traditional "Warburg effect" in tumor cells and may provide new insights on the crucial role of the microenvironment in tumor development. RSV can impede glycolysis in tumor cells [29, 30] , but its effects on the glycolytic phenotypes of PSCs have not been explored. Here, we found that H 2 O 2 -induced ROS promoted glycolysis in PSCs, whereas RSV downregulated the expression of key glycolytic enzymes and, more importantly, decreased lactate production.
As an oncomiR or oncogenic miRNA, miR-21 is abundantly expressed in several types of cancers [13, 15, 34] . It has been reported that miR-21 and CCN2 compose a positive feedback loop during PSC activation [52] and that inhibition of miR-21 leads to decreased migration and invasion of PSCs [53] . In the present study, we found that miR-21 was necessary for ROS-promoted PSC activation, and miR-21 downregulation disrupted the ROS-promoted migration and invasion of PSCs. Previous studies have demonstrated that miR-21 is critical in maintaining the "Warburg effect" in bladder cancer cells [20] and can enhance glycolysis in nonsmall cell lung cancer cells, which might contribute to radiation resistance [54] . Accordingly, we explored the role PSCs from indicated groups were extracted to detect α-SMA, Glut1, HK2, PKM2, LDHA, and PTEN levels by Western blot, and the CM were collected to measure lactate production. Lactate production was normalized by the concentration of protein in each group. (e, f) Immunofluorescence staining of α-SMA was performed. The red signal represents α-SMA staining, and nuclear DNA staining by DAPI is shown in blue (magnification, ×200; scale bar: 50 μm). (g, h) PSCs were treated in groups as indicated, and migratory ability was determined by wound healing assays. The relative distance moved by the leading edge marked by black lines was measured 24 h after wounding with a sterile pipette tip (magnification, ×100; scale bar: 100 μm). (i, j) PSCs were treated in groups as indicated, and invasive ability was determined by Matrigel invasion assays (magnification, ×200; scale bar: 50 μm of miR-21 in modulating glycolysis in PSCs and found that miR-21 was an essential component of the promotion of glycolysis in PSCs. Notably, AKT is regarded as a "Warburg kinase," and mTOR links tumor cell metabolism and oncogenic signaling [55, 56] . Accordingly, as a downstream pathway of miR-21, the PTEN/PI3K/AKT/mTOR pathway The relative distance moved by the leading edge marked by black lines was measured 24 h after wounding with a sterile pipette tip (magnification, ×100; scale bar: 100 μm). Column: mean; bar: SD; * p < 0 05 compared with the control group; # p < 0 05 compared with the PSC group; $ p < 0 05 compared with the PSC (RSV) group. might exhibit several functions modulating cell metabolism whose mechanisms require further elucidation. Recent studies have suggested that RSV might function by affecting miR-21 in prostate cancer cells [34] and PCCs [35] . This connection was further demonstrated in stroma, in which our results showed that miR-21 partly mediated the responses of PSCs to RSV. Accumulating evidence indicates that the interaction between tumor and stroma is vital in tumor progression and that the underlying mechanisms are complicated. PCCs secrete stimulants such as TGF-β1, PDGF, SHH, and H 2 O 2 to the microenvironment to activate the transformation of PSCs into cancer-associated myofibroblasts. In turn, activated PSCs release nutrients such as cytokines, chemokines, growth factors, and extracellular matrix proteins to further support tumor cells. It is worth noting that the lactate shuttle is an important part of the tumor-stroma interplay [32, 57] . Activated PSCs undergo metabolic reprogramming toward a Warburg phenotype, and lactate is secreted through monocarboxylate transporter 4 (MCT4) to be uploaded by monocarboxylate transporter 1 (MCT1) expressed in tumor cells for tumor growth. In the present study, we found that lactate production from PSCs was upregulated by oxidative stress but reduced by NAC treatment, and miR-21 mediated RSV-impeded lactate secretion. In line with the above findings on lactate, the enhanced invasive and migratory activities of Panc-1 cells cocultured with PSCs were mostly abrogated when PSCs were pretreated with a NAC, RSV, or miR-21 inhibitor, and RSV might function partly through modulating miR-21 in PSCs. However, direct regulation of lactate and other possible soluble factors, such as PDGF, SDF-1, and IL-6, was not assayed in the present study, which points the way for further investigation of detailed mechanisms involved in the tumor-stroma interaction.
Conclusions
To the best of our knowledge, this is the first study to report that miR-21 acts as a molecular switch in the "reverse Warburg effect" in PSCs and that RSV inhibits ROS-promoted PSC migration, invasion, and glycolysis, and miR-21 mediates these responses to RSV in PSCs. More importantly, RSV administration or suppression of ROS/ miR-21 in PSCs ameliorates the invasive and migratory abilities of PCCs under coculture, suggesting that in addition to inhibiting the invasion and migration of PCCs directly, RSV may function by affecting PSCs or the interplay between tumor and stroma.
